Adoptive immunotherapy using tumor-infiltrating lymphocytes represents an effective cancer treatment for patients with metastatic melanoma. The NY-ESO-1 cancer/testis antigen, which is expressed in 80% of patients with synovial cell sarcoma and approximately 25% of patients with melanoma and common epithelial tumors, represents an attractive target for immune-based therapies. The current trial was carried out to evaluate the ability of adoptively transferred autologous T cells transduced with a T-cell receptor (TCR) directed against NY-ESO-1 to mediate tumor regression in patients with metastatic melanoma and synovial cell sarcoma.
INTRODUCTION
The adoptive transfer of in vitro cultured melanoma-reactive T cells isolated from autologous tumor-infiltrating lymphocytes (TILs) after lymphodepleting chemotherapy has recently been shown to mediate objective tumor regression in 49% to 72% of patients with metastatic melanoma. 1, 2 The observation that melanoma-reactive TILs could be generated from only 50% of resected samples 3 and the difficulty in generating tumorreactive TILs from other cancer types have prompted cell transfer studies using autologous T cells that have been genetically engineered to express T-cell receptors (TCRs) directed against shared tumor antigens. In a recent trial targeting the MART-1 melanocyte differentiation antigen, an objective response rate of 30% was observed. 4, 5 This report details the results of, to our knowledge, the first clinical trial involving the adoptive transfer of autologous T cells transduced with a TCR directed against NY-ESO-1, a cancer/testis (CT) antigen expressed in 10% to 50% of metastatic melanomas, breast, prostate, thyroid, and ovarian cancers, [6] [7] [8] [9] as well as approximately 80% of synovial cell sarcomas, 10 but not in any normal adult tissues except the testis, and represents the first successful immunotherapy for patients with synovial cell sarcoma.
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PATIENTS AND METHODS
Patients
Patients 18 years of age or older with metastatic cancer refractory to standard treatments whose tumors expressed NY-ESO-1 as determined by immunohistochemical staining were eligible for the current trial. All patients' tumors stained strongly (2 to 4ϩ, Ͼ 50%) for NY-ESO-1 antigen expression using the specific anti-NY-ESO-1 monoclonal antibody E978 11 (Invitrogen, Carlsbad, CA).
Clinical Trial Design
This clinical trial (National Cancer Institute [NCI] 08-C-0121) was conducted in the Surgery Branch of the NCI and was reviewed and approved by the National Institutes of Health Institutional Biosafety Committee, the NCI Institutional Review Board, the National Institutes of Health Office of Biotechnology Activities, and the US Food and Drug Administration (all in Bethesda, MD). Genetically modified autologous T lymphocytes were adoptively transferred into patients after treatment with a lymphodepleting chemotherapy regimen consisting of cyclophosphamide (60 mg/kg/d for 2 days) and fludarabine (25 mg/m 2 /d for 5 days) as described in previous adoptive immunotherapy trials in patients with melanoma 1, 4, 5 Greater than 10 8 T cells, which represented the minimum cell dose specified for treatment in the clinical protocol, were generated from 22 of the 22 cultures that were initiated from 17 patients' peripheralblood mononuclear cells (PBMCs). HLA-A*0201-positive patients were enrolled onto two arms, one comprising patients with metastatic melanoma who were refractory to prior interleukin-2 (IL-2) therapy and a second including patients with metastatic synovial cell sarcoma refractory to multiple standard chemotherapy regimens.
Retroviral Vectors and T-Cell Transduction
A retroviral vector encoding a TCR that recognizes the peptide SLLM-WITQC, corresponding to residues 157 to 165 of NY-ESO-1 (NY-ESO-1:157-165), in the context of the HLA-A*0201 class I restriction element, was generated in the MSGV1 retroviral vector backbone as previously described.
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This TCR, termed 1G4-␣95:LY, contained two amino acid substitutions in the third complementarity determining region of the native 1G4 TCR ␣ chain that conferred to CD8 ϩ and CD4 ϩ T cells an enhanced ability to recognize HLA-A*0201-positive target cells expressing the NY-ESO-1 antigen.
12 Clinical grade good manufacturing practice retroviral supernatants were obtained from the National Gene Vector Laboratory at Indiana University. Patient pheresis samples were stimulated using 50 ng/mL of soluble anti-CD3 antibody (OKT3; Ortho-Biotech, Bridgewater, NJ) in the presence of 300 iU of recombinant IL-2, transduced with a retrovirus encoding the modified 1G4-␣95:LY anti-NY-ESO-1 TCR using retronectin, kindly provided by Takara Bio (Otsu, Japan), and expanded further in vitro before adoptive transfer, as previously described. mouse serum for 10 minutes at room temperature, followed by incubation with 10 L of tetramer for 30 minutes at 4°C. Cells gated initially using forward and side-scatter and then gated for live (PI -) CD3 ϩ cells were analyzed by fluorescence activated cell sorting using a FACSCanto II flow cytometer (BD Biosciences, San Jose, CA), and data were analyzed using FlowJo software (Tree Star, Ashland, OR).
Evaluation of Interferon Gamma (IFN-␥) Secretion, IFN-␥ Enzyme-Linked Immunosorbent Spot Assay Responses, and Serum Anti-NY-ESO-1 Antibody Titers
Cocultures of in vitro cultured T cells and PBMCs were carried out with target cells for 18 hours, and soluble IFN-␥ was detected as previously described.
12 Enzyme-linked immunosorbent spot (ELISPOT) assays were carried out by incubating PBMCs overnight in the absence of exogenous cytokine, followed by culturing 10 5 PBMCs with 10 5 target cells for 18 hours and evaluating the number of cells secreting IFN-␥ as previously described.
5 Serum anti-NY-ESO-1 antibody titers were evaluated by analyzing serial dilutions of patient sera that were obtained before treatment with TCR-transduced T cells as previously described.
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RESULTS
Patients with progressive metastatic melanoma (n ϭ 11) or synovial cell sarcoma (n ϭ 6) expressing high levels of NY-ESO-1 received nonmyeloablative chemotherapy followed by a median of 5 ϫ 10 10 T cells transduced with an anti-NY-ESO-1 TCR (range, 1.6 to 130 ϫ 10 9 ) plus systemic IL-2 (Table 1) . Patients presented with metastases in a wide variety of anatomic sites and were refractory to extensive prior treatment. All of the patients with melanoma had received prior treatment with high-dose IL-2, and all of the patients with synovial cell sarcoma experienced progression after extensive treatment with multiple courses of chemotherapy, all of which included doxorubicin and alkylating agents such as ifosfamide or cyclophosphamide. Many patients had also received second-line agents such as epirubicin, etoposide, or irinotecan and experimental monoclonal antibodies (Table 2) . With the exception of patient 15, CD8 ϩ T cells composed more than two thirds of the administered T cells (Table 1) . A median of 78% of the transferred CD8 ϩ T cells (range, 63% to 87%) and 65% of CD4 ϩ T cells (range, 57% to 79%) bound the NY-ESO-1 tetramer, and a median of 92% of total CD3 ϩ cells (range, 85% to 96%) bound an anti-V␤13.1 antibody, which was reactive with the ␤ chain of the transduced TCR ( Table 1) . The transduced T cells were highly reactive with an HLA-A*0201-positive, NY-ESO-1-positive tumor cell line (Table 1) Five of the 11 patients with metastatic melanoma experienced an objective response by Response Evaluation Criteria in Solid Tumors (RECIST), including two complete responses, ongoing at 22 and 20 months, and one partial response, ongoing at 9 months. Four of the six patients with synovial cell sarcoma exhibited objective partial responses, with one lasting 18 months. Examples of these responses are shown in Figure 1 .
Significant anti-NY-ESO-1 antibody titers were observed in pretreatment serum samples from six of 11 patients with melanoma and one of six patients with synovial cell sarcoma (Fig 2) . In all patients, there was no association between anti-NY-ESO-1 antibody titers in serum obtained from responders and nonresponders before treatment (P ϭ .70) when analyzed using the nonparametric MannWhitney U test; however, it is difficult to draw any firm conclusions regarding the association between antibody titers and clinical response, given the relatively small number of patients treated in this trial.
Approximately 1 month after transfer, between 2% and 60% of the CD8
ϩ T cells present in PBMCs obtained from 14 of the 17 treated patients bound the NY-ESO-1 tetramer (Table 3 ). In PBMCs obtained at the same time from patients 6, 10, and 17, as well PBMCs obtained from each of the patients before transfer, less than 1% of the CD8 ϩ T cells bound to the NY-ESO-1 tetramer. Between 4% and 45% of peripheral CD4 ϩ T cells from 11 of 17 patients stained with the NY-ESO-1 tetramer, whereas significant tetramer staining was not seen in samples obtained from the remaining six patients (Table 3 ). The percentage of T cells detected in PBMCs at 1 month that expressed V␤13.1 ranged between 3% and 85% of CD8 ϩ T cells and between 3% and 63% of CD4 ϩ T cells. The expression of V␤13.1 was highly correlated with NY-ESO-1 tetramer expression (Fig 3A) . The disparity between NY-ESO-1 tetramer staining and V␤13.1 staining (Tables 1 and 3 ) presumably reflects higher affinity of the anti-V␤13.1 antibody for TCRtransduced T cells, the detection of the V␤13.1-positive transgene paired with endogenous ␣ chains that results in nonfunctional TCRs, and the population of native V␤13.1-positive T cells in the recovering peripheral repertoire after adoptive transfer. Peptide-specific and tumor-specific IFN-␥ ELISPOT responses were detected in PBMCs obtained from all of the patients 1 month after therapy with the exception of patients 6, 10, and 17, whose peripheral CD8
ϩ T cells at 1 month also failed to demonstrate significant binding of the NY-ESO-1 tetramer (Table 3) . Before transfer of 1G4-␣95:LY TCR-transduced T cells, less than 10 IFN-␥ ELISPOTs/ 10 5 PBMCs were detected in response to NY-ESO-1 peptide pulsed target cells in PBMC samples obtained from 16 of the 17 patients treated in this trial, whereas 55 ELISPOTs/10 5 PBMCs were detected in patient 3. After adoptive transfer, more than 1,000 ELISPOTs/10 5 PBMCs were detected in response to NY-ESO-1 peptide pulsed target cells in samples from 13 of 17 patients, whereas less than 100 ELISPOTs/10 5 PBMCs were detected in samples from patients 3, 6, 10, and 17. The number of NY-ESO-1 peptide-specific IFN-␥ ELISPOTs detected in PBMCs 1 month after treatment correlated with NY-ESO-1 tetramer and anti-V␤13.1 antibody binding (Figs 3B and 3C ).
Tumor regression was not correlated with persistence of the transferred T cells as measured by NY-ESO-1 tetramer staining, V␤13.1 staining, or ELISPOT responses.
The levels of NY-ESO-1-specific T cells detected using IFN-␥ ELISPOT assays were significantly lower than the number of NY-ESO-1 tetramer-positive T cells detected 1 month after transfer in the 14 patients who demonstrated significant T-cell persistence. Several factors may influence these findings, including the fact that only approximately 10% to 30% of the in vitro cultured T cells assayed before infusion were detected in the ELISPOT assay, as well as the fact that whole PBMCs rather than purified T cells were used to evaluate these responses. The analysis of clinical adoptive immunotherapy trials carried out with MART-1-and gp100-reactive TCRs revealed that the levels of expression of multiple genes in PBMCs containing persistent T cells 1 month after adoptive transfer were low relative to those observed in in vitro cultured T cells. No toxicities were attributed to the transferred cells, although all patients experienced the transient neutropenia and thrombocytopenia induced by the preparative regimen and the transient toxicities associated with IL-2. All patients recovered well after the completion of treatment.
DISCUSSION
Clinical trials in patients with metastatic melanoma have demonstrated the ability of adoptively transferred T cells to mediate durable complete cancer regression. 1, 15, 16 These results have stimulated efforts to genetically modify lymphocytes to improve their antitumor efficacy and to extend the range of tumors that can be treated. In the first trial, to our knowledge, to examine the in vivo efficacy of TCR-transduced T cells in patients with cancer, tumor regression was observed in two of 13 patients receiving autologous T cells that were transduced with a MART-1-reactive TCR. 4 In subsequent trials carried out with highavidity TCRs, objective clinical responses were seen in six (30%) of 20 patients treated with autologous T cells that were transduced with a MART-1-reactive TCR 4 and in three (19%) of 16 patients treated with a gp100-reactive TCR. 5 Clinical trials have also used adoptive transfer of T cells transduced with chimeric antigen receptors (CARs) comprised of tumor-reactive antibody combining regions linked to T-cell signaling domains. Tumor regression was observed in two of 11 patients with neuroblastoma who received Epstein-Barr virus-specific T cells stimulated with anti-CD3 antibody and transduced with a CAR directed against the diasialoganglioside GD2. 17 However, no clinical responses were seen in three patients with renal cancer who received autologous T cells transduced with a CAR directed against carbonic anhydrase-IX 18 or in eight patients with ovarian cancer who received autologous PBMCs transduced with a CAR directed against the ␣-folate receptor. 19 CT antigens represent promising targets for cancer immunotherapy because they are expressed in a wide variety of epithelial cancers but are restricted in their expression in normal adult tissues to cells in the testis that lack expression of class I major histocompatibility complex molecules and are thus not susceptible to damage by T cells that recognize these gene products. The NY-ESO-1 antigen is expressed in 15% to 50% of highly prevalent tumors that include breast, lung, prostate, and ovarian cancer, [6] [7] [8] [9] and effective therapies that target NY-ESO-1 could potentially be applied to the large population of patients with these malignancies. To test the effectiveness of adoptive immunotherapy with genetically engineered cells that target the NY-ESO-1 antigen, we treated patients with advanced synovial cell sarcoma because 80% of these patients express NY-ESO-1. ). The adoptive transfer of an in vitro sensitized autologous CD4 ϩ T-cell clone that recognized the HLA-DP*04 -restricted NY-ESO-1:157-170 peptide epitope mediated regression of metastatic melanoma in one of nine patients.
16, 25 The results presented in this report indicate that the frequency of T cells reactive with epitopes of MART-1 and MAGE-A3 increased after injection of an NY-ESO-1-reactive CD4 ϩ T-cell clone, which was administered in the absence of any conditioning regimen. In the current report, we have not examined the effects of adoptive immunotherapy on other endogenous antitumor responses.
To our knowledge, the current clinical trial reported here represents the first adoptive immunotherapy trial to treat cancer using genetic engineering of T cells to express a CT antigen-specific TCR. Response rates of 45% and 67% were observed in patients with melanoma and synovial cell sarcoma, respectively, all of whom had progressive disease after extensive prior treatment. No on-target toxicities were seen in the current trial because of the lack of NY-ESO-1 expression of normal tissues, which contrasts with our previous observation of vigorous on-target toxicity in patients with melanoma treated with T cells engineered to express MART-1-and gp100-reactive TCRs. 5 In these trials, as well as the current trial, clinical responses to TCRengineered T cells were highly variable, despite the similarity between the T-cell transduction levels and number of transduced T cells administered to individual patients. Overall levels of T-cell persistence also varied widely between patients and did not seem to be associated with clinical response to therapy, although a correlation was noted in our MART-1 and gp100 TCR trials between clinical response and the frequency of IFN-␥ and IL-2 ELISPOTs detected in PBMCs obtained 1 month after treatment. 5 Given the small number of patients treated in these trials, it is difficult to evaluate the significance of these results. Nevertheless, differences between patient reconstitution of lymphocyte subsets such as regulatory CD4 ϩ T cells and differences in the characteristics of individual tumors represent at least some of the potential factors that might influence T-cell persistence and response to therapy. Potential strategies that may enhance responses include immunization with recombinant vaccines encoding the NY-ESO-1 antigen, elimination of host CD4 ϩ regulatory T cells, and cotransduction of TCR constructs with genes that encode cytokines such as IL-12.
26 Overall, these findings indicate that treatments using TCRs directed against NY-ESO-1 are effective at mediating tumor regression in patients with metastatic melanoma and synovial cell sarcoma and suggest that TCRs directed against NY-ESO-1 and additional CT antigens should be explored for the treatment of patients with common epithelial cancers.
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